The Bering Sea is an important habitat for seabirds and marine animals, because of its large volume of plankton and the numerous fish species \[[@r30], [@r41]\]. It is home to 80% of the seabird population in the U.S.A., 95% of northern fur seals (*Callorhinus ursinus*), and major populations of Steller sea lions (*Eumetopias jubatus*), walruses (*Odobenus rosmarus*) and whales \[[@r30]\].

It has been reported that marine mammals accumulate high concentrations of heavy metals, such as mercury (Hg) and cadmium (Cd) as well as metalloids \[[@r19]\]. Aquatic ecosystems appear to be the most susceptible to monomethylmercury contamination, as they are major repositories of natural and pollution-derived Hg and host active populations of Hg methylating bacteria \[[@r12]\]. These findings suggest that wildlife species that have a primarily marine-based diet are at a higher risk of metal exposure in their feeding habitats. Methylmercury has greater toxicity and bioaccumulation than Hg itself. Inorganic Hg exerts its greatest effect on the kidney, whereas MeHg readily penetrates the blood--brain barrier in birds and mammals, producing brain lesions, spinal cord degeneration and central nervous system dysfunction \[[@r50]\]. Seabirds are marine top predators and also accumulate high levels of heavy metals in their tissues, and sometimes suffer lower reproductive success and survival \[[@r6], [@r11], [@r22], [@r43], [@r48], [@r50]\]. The ocean receives about 90% of its Hg through wet and dry atmospheric deposition \[[@r23]\], and anthropogenic interferences in the global Hg cycle are significant \[[@r12]\]. The major contributions are fossil-fuel fired power plants, artisanal small scale gold mining and non-ferrous metals manufacturing \[[@r34]\]. At present, the Hg concentrations in arctic marine animals are generally about 10−12 times higher than those in pre-industrial times \[[@r46]\], indicating that Hg accumulation is due to recent anthropogenic sources.

High concentrations of heavy metals have been reported in tissues of marine mammals and seabirds in the coastal region and the sea around the Aleutian Islands \[[@r8], [@r9], [@r36]\]. The level of Cd that causes renal tubular necrosis in birds \[[@r49]\] is also high in several seabirds. However, information of metal accumulation on those living in the offshore is scarce \[[@r13]\].

To clarify the metal contamination in seabirds in the central Bering Sea, the present study investigated the accumulation patterns of eight heavy metals (Hg, Cd, Cr, Co, Ni, Cu, Zn and Pb) and one metalloid (As) in the liver and kidneys of five species of seabirds, i.e., northern fulmar (*Fulmarus glacialis)*, thick-billed murre (*Uria lomvia*), short-tailed shearwater (*Puffinus tenuirostris*), tufted puffin (*Fratercula cirrhata*) and horned puffin (*Fratercula corniculata*), collected in the central Bering Sea.

As some heavy metals are known to be biomagnified through the food chain \[[@r2]\] and also vary across habitats \[[@r21]\], nitrogen (δ^15^N) and carbon (δ^13^C) stable isotope ratios in muscle were also measured as proxies of trophic level and habitat.

In the present study, differences in metal concentrations among species and the sources of metals were studied to determine the accumulation pattern of metals in each seabird species. Furthermore, the accumulation levels of metals and arsenic between sexes and ages in short-tailed shearwater that number was enough for the statistical analysis were analyzed. Hg pollution is especially serious all over the world. Therefore, we compared the Hg concentrations among seabirds in the Bering Sea with previous reports to clarify its influence in seabirds.

MATERIALS AND METHODS {#s1}
=====================

Sampling
--------

Specimens were sampled from seabirds entangled in gill nets during the Japan--US joint research on salmon in June or July from 2008 to 2010 in the central Bering Sea (44°00′N--57°30′N, 178°00′E--177°00′W) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Map of the Bering Sea. The dotted line indicates the sampling area., [Table S1](#pdf_001){ref-type="supplementary-material"}). Birds were kept in a freezer (−20°C), thawed at room temperature and dissected in the laboratory. The liver and kidneys were collected from northern fulmar (*Fulmarus glacialis)* (n=4), thick-billed murre (*Uria lomvia*) (n=4), short-tailed shearwater (*Puffinus tenuirostris*) (n=24), tufted puffin (*Fratercula cirrhata*) (n=5) and horned puffin (*Fratercula corniculata*) (n=3). Data regarding sex and age are shown in Table S1. Breast muscles of northern fulmar (n=4), thick-billed murre (n=3), short-tailed shearwater (n=23), tufted puffin (n=3) and horned puffin (n=2) were also collected. All samples were kept at −20°C in a freezer until metal analysis.

Extraction and analysis of heavy metals and a metalloid
-------------------------------------------------------

Analyses were performed according to the method of Yabe *et al*. \[[@r51]\]. For metal analysis, 0.3 g of liver and kidney samples were dried for 15 hr at 50°C and then digested with 6 m*l* of 60% nitric acid (Kanto Chemical Corporation, Tokyo, Japan) and 1 m*l* of 30% hydrogen peroxide (Kanto Chemical Corporation) in a microwave digestion system (Speedwave Two; Berghof, Eningen, Germany). Digestion was performed under the following conditions: 180°C for 15 min, 200°C for 20 min and 100°C for 20 min. After the samples were cooled, they were transferred to plastic tubes into which was added 0.1 m*l* of lanthanum chloride (Wako Pure Chemical Industries, Osaka, Japan). The volume was then brought to 10 m*l* with 2% nitric acid. The concentrations of heavy metals and a metalloid (Cd, Cr, Co, Ni, Cu, Zn, Pb and As) were measured using an atomic absorption spectrophotometer (AAS) (Z-2010; Hitachi High-Technologies Corporation, Tokyo, Japan) with acetylene flame or argon non-flame method. The instrument was calibrated using standard solutions of the respective heavy metals to establish standard curves before analysis. Concentrations of Cu and Zn were determined through the flame method with acetylene gas, whereas concentrations of Cd, Cr, Ni, Pb and As were determined using a graphite furnace with argon gas. All chemicals and standard stock solutions were of analytical reagent grade (Wako Pure Chemicals Industries). Water was distilled and deionized (Milli-Q; Merck Millipore, Billerica, MA, U.S.A.). Analytical quality control was performed using DOLT-4 (dogfish liver) and DORM-3 (fish protein) certified reference materials (both from the National Research Council of Canada). Recovery rates (%) of all elements were acceptable: Cd (91−108), Cr (91−108), Co (96−111), Ni (98−111), Cu (88−90), Zn (78−83) and Pb (89−98). Arsenic had lower recovery rates (50−67%). Detection limits (*µ*g/kg) for Cd, Cr, Co, Ni, Cu, Zn, Pb and As were 0.2, 0.5, 0.5, 0.5, 1.0, 0.1, 1.0 and 2.0, respectively.

Analysis of total mercury (Hg)
------------------------------

The concentrations of total Hg in the liver and kidneys were measured directly without any pre-treatment by thermal decomposition, gold amalgamation and atomic absorption spectrophotometry using a mercury analyzer (MA-3000; Nippon Instruments Corporation, Tokyo, Japan), after preparation of the calibration standard. The recovery rates of Hg for the certified reference material, DOLT-4, ranged from 92 to 103%. The concentration of Hg was converted from mg/kg wet weight to mg/kg dry weight using the calculated water content of specimens before and after drying.

Stable isotope ratio analysis
-----------------------------

Stable isotope ratio analysis was performed according to the method of Nakayama *et al*. \[[@r25]\]. Muscle tissue has longer turnover time than liver and is the most common samples used for stable isotope analysis \[[@r35]\]. Muscles were washed with distilled water to remove blood and then dried at 45°C for 48 hr. Samples were then ground into a homogeneous powder and treated with a 2:1 chloroform-methanol solution (Kanto Chemical Corporation) to remove lipids, and the residue was dried. Each sample was weighed (0.5−1.0 mg) into a tin capsule (Säntis Analytical AG, Teufen, Switzerland), and stable isotope ratios were determined by the flow injection method using a Finnigan MAT-252 mass spectrometer (Finnigan MAT GmbH, Bremen, Germany) connected to a Fisons NA1500 elemental analyzer (Fisons Instruments SpA, Strada Rivoltana, Italy). Stable isotope ratios were expressed in δ notation (as deviation from standards in parts per thousand (‰)) according to the following formula: δX=\[(R~sample~/R~standard~−1)\] ×1,000, where X is ^13^C or ^15^N and R is the corresponding ratio ^13^C/^12^C or ^15^N/^14^N \[[@r24]\]. Data are presented as values based on the international standard of v-PDB (Vienna Peedee Belemnite; fossilized shells from the PeeDee Formation in South Carolina) and as atmospheric N~2~ for C and N, respectively \[[@r22]\]. Replicate errors were within 0.2‰ for both δ^13^C and δ^15^N analyses.

Statistics
----------

Differences in metal and metalloid concentrations and isotope ratio values among five species were examined by Tukey's HSD test (*P*\<0.05). We also analyzed the levels of metal and metalloid accumulation between sexes and ages in short-tailed shearwater by Kruskal-Wallis Test (*P*\<0.05), because their number was sufficient for analysis. Analyses were performed in JMP Pro 10.0.2 (SAS Institute, Cary, NC, U.S.A.). Pearson product-moment correlation (*r*) was used to analyze relationships between pollutant concentrations, body weight and stable isotope ratio (n=40). Principal component analysis (PCA) was also performed with each metal and metalloid concentration, body weight and stable isotope ratio.

RESULTS {#s2}
=======

The concentrations of heavy metals and arsenic in the liver and kidney tissues of seabirds are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Sample size (N), body weight (BW) and stable isotope ratio in muscle (δ^13^C and δ^15^N, ‰) and metal and metalloid concentrations in liver and kidney (mg/kg dry weight)SpeciesNo.AgeSexBW (g)δ^15^Nδ^13^CHgCdCrCoNiCuZnAsPbNorthern fulmar*F. glacialis*44Ad1M & 2F & 1U616.3 ± 56.9^c)^13.0 ± 0.54^a)^−21.0 ± 0.64liver24.5 ± 12.6^a)^26.7 ± 11.3^a)^0.15 ± 0.090.05 ± 0.010.06 ± 0.0716.4 ± 3.60135.2 ± 25.1^a,b)^1.50 ± 1.760.06 ± 0.04kidney7.69 ± 4.12^a)^102.7 ± 31.7^a,b)^0.32 ± 0.050.16 ± 0.04^b)^0.80 ± 1.25^b)^15.3 ± 1.76148.6 ± 9.49^a,b)^1.22 ± 1.06^a,b)^0.38 ± 0.27Thick-billed murre*U. lomvia*41Ad & 3Ju1M & 2F & 1U1,066.0 ± 37.1^a)^11.2 ± 0.98^a,b)^−21.5 ± 1.86liver1.89 ± 1.75^b)^12.7 ± 4.85^b)^0.47 ± 0.240.09 ± 0.020.84 ± 0.7618.0 ± 2.0199.9 ± 21.0^a,b)^0.34 ± 0.450.02 ± 0.01kidney1.21 ± 0.88^b)^27.4 ± 13.4^a,b)^0.45 ± 0.210.12 ± 0.03^b)^2.42 ± 3.53^b)^17.1 ± 1.52103.4 ± 9.46^b,c)^0.33 ± 0.38^b)^0.11 ± 0.06Short-tailed shearwater*P. tenuirostris*2414Ad & 8Ju & 2U9M & 7F & 8U510.2 ± 61.3^d)^10.3 ± 0.74^b,c)^−22.0 ± 1.27liver1.33 ± 0.66^b)^6.06 ± 4.06^b)^0.28 ± 0.320.11 ± 0.080.53 ± 0.7421.5 ± 10.7105.2 ± 32.8^b)^0.69 ± 0.580.08 ± 0.08kidney0.83 ± 0.40^b)^43.4 ± 49.4^b)^0.39 ± 0.210.18 ± 0.11^b)^2.40 ± 3.79^b)^22.9 ± 13.8102.7 ± 20.5^c)^0.60 ± 0.45^b)^0.26 ± 0.35Tufted puffin*F. cirrhata*51Ad & 3Ju & 1 U4M & 1F840.8 ± 72.4^b)^9.27 ± 1.01^c,d)^−22.7 ± 0.36liver1.44 ± 0.33^b)^36.0 ± 9.31^a)^0.10 ± 0.030.13 ± 0.041.48 ± 1.0324.4 ± 4.71156.1 ± 21.1^a)^1.80 ± 0.880.03 ± 0.01kidney1.63 ± 0.41^b)^114.4 ± 50.1^a)^0.42 ± 0.120.53 ± 0.37^a)^15.5 ± 6.40^a)^22.9 ± 10.8153.2 ± 40.9^a)^1.53 ± 0.35^a)^0.04 ± 0.03Horned puffin *F. corniculata*33Ad2M & 1F631.7 ± 78.2^c)^7.02 ± 0.20^d)^−23.4 ± 0.04liver1.63 ± 0.22^b)^10.5 ± 5.30^b)^0.45 ± 0.270.10 ± 0.020.79 ± 0.5418.0 ± 2.62103.6 ± 16.6^a,b)^0.68 ± 0.850.03 ± 0.02kidney2.50 ± 0.16^b)^52.8 ± 36.4^a,b)^0.31 ± 0.100.28 ± 0.13^a,b)^3.76 ± 5.27^b)^18.8 ± 4.09120.9 ± 20.7^a--c)^0.54 ± 0.55^a,b)^0.17 ± 0.17Different letters indicate significant differences among species (Tukey test, *P*\<0.05). Ad: adult, Ju: juvenile, M: male, F: female, U: unidentified.Table 2.Pairwise correlation coefficients *r* for body weight, each metal and metalloid in the liver and stable isotope ratio in muscle of various species*rP-*valueHg-δ^15^N0.540.0009Hg-Cd0.410.009Cd-BW0.500.001Cd-Zn0.60\<0.0001Cd-As0.450.004Co-Zn0.410.008Ni-Zn0.410.008As-Zn0.66\<0.0001δ^13^C-Zn0.450.006δ^15^N- δ^13^C0.70\<0.0001. Concentrations of Hg and Cd were high compared to those of terrestrial bird species that are herbivorous or insectivorous \[[@r1]\]. It was suggested that seabirds accumulate high levels of Hg and Cd. Northern fulmar accumulated significantly higher liver Hg levels ranged from 6.82−40.3 mg/kg dry weight (2.05−13.5 mg/kg wet weight) than the other species ([Table 1](#tbl_001){ref-type="table"}). Tufted puffin and northern fulmar accumulated high Cd levels (114.4 ± 50.1 and 102.7 ± 31.7 mg/kg dry weight of kidney, respectively). Accumulation patterns of metals were different for each species. For example, northern fulmar accumulated high concentrations of Hg and Cd, whereas tufted puffin had high levels of Cd. In contrast, Co, Ni and As concentrations in the liver and Cr, Cu and Pb concentrations in the liver and kidney did not differ among species. PCA results indicate species-specific accumulation characteristics. Northern fulmar had a high correlation of Hg and δ^15^N, whereas tufted puffin accumulated more Cd, Ni and Zn ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Principal component analysis (PCA) of body weight (BW), metal and metalloid concentrations (mg/kg dry weight) in the liver, and stable isotope ratio (δ^15^N, δ^13^C) in muscle. The value of component 1 plus component 2 was low (45.5%).).

Level of δ^15^N was the highest in northern fulmar, followed by thick-billed murre, short-tailed shearwater, tufted puffin and horned puffin ([Table 1](#tbl_001){ref-type="table"}). Hg concentration in liver and δ^15^N value in muscle were positively correlated (*r*=0.54, *P*=0.0008) ([Table 3](#tbl_003){ref-type="table"}Table 3.Prey (crustacean, fish and squid) composition (% mass or volume) in the stomach contents in seabirds collected in the Bering Sea and AleutiansSpeciesAreaFishSquidsCrustaceansRefsNorthern fulmarBering Sea73216\[[@r15]\]*F. glacialis*Gulf of Alaska3961\[[@r10], [@r16]\]Thick-billed murreBering Sea9514\[[@r15]\]*U. lomvia*Bering Sea6\<182\[[@r28]\]Okhotsk82\<111\[[@r27]\]Gulf of Alaska167410\[[@r10], [@r16]\]Chukchi Sea10000\[[@r33]\]Short-tailed shearwaterBering Sea0--67033--100\[[@r14]\]*P. tenuirostris*Bering Sea8--400--3036--82\[[@r45]\]Northern North Pacific12187\[[@r29]\]Gulf of Alaska24273\[[@r10], [@r16]\]Tufted puffinBering Sea8123\[[@r15]\]*F. cirrhata*Bering Sea33.660.50\[[@r44]\]Pribilofs99.300.7\[[@r18]\]Aleutians41.241.517\[[@r44]\]Gulf of Alaska81811\[[@r10], [@r16]\]Horned puffinBering Sea80111\[[@r15]\]*F. corniculata*Pribilofs52.147.50.4\[[@r18]\]Aleutians62.433.40.8\[[@r31], [@r41]\]Gulf of Alaska9811\[[@r10], [@r16]\]). There were significant differences of Hg concentration between northern fulmar and other species ([Table 1](#tbl_001){ref-type="table"}). Cd and Zn showed a strong positive correlation ([Table 2](#tbl_002){ref-type="table"}). There was also a positive correlation between the concentrations of As and Zn (*r*=0.66, *P*\<0.0001), as well as between the concentrations of Cd and As (*r*=0.45, *P*=0.04), and body weight-Cd (*r*=0.50, *P*=0.001). δ^13^C showed a weak but significant correlation with Zn (*r*=0.45, *P*=0.006).

The accumulation levels of metals and arsenic between sexes and ages in liver of short-tailed shearwater were analyzed, because only this species had enough specimens for analysis. Between males and females, Hg concentration was significantly higher in males, whereas females accumulated higher levels of Cd and Pb. In the case of ages, adults had higher levels of Cr, whereas juvenile had higher levels of Co, Cu, δ^13^C and δ^15^N ([Table 4](#tbl_004){ref-type="table"}Table 4.Gender and age diferrences in body weight (g), metal concentration (mg/kg, dry weight in liver) and stable isotope ratio (δ^13^C and δ^15^N, ‰) in short-tailed shearwaterMale\
(n=9)Female\
(n=7)Adult\
(n=14)Juvenil\
e(n=8)Kruskal-Wallis\
*Χ*^2^ (*P*)Body weight476 ± 62541 ± 28\--3.85 (0.05)Hg1.71 ± 0.740.88 ± 0.36\--5.18 (0.02)Cd3.06 ± 1.979.55 ± 4.14\--8.47 (0.004)Pb0.05 ± 0.020.09 ± 0.03\--4.29 (0.04)Body weight\--497 ± 55505 ± 470.09 (0.76)Cr\--0.37 ± 0.380.15 ± 0.158.44 (0.004)Co\--0.11 ± 0.100.13 ± 0.044.11 (0.04)Cu\--17.7 ± 5.5329.4 ± 14.19.43 (0.002)δ^15^N\--10.1 ± 0.6610.8 ± 0.606.43 (0.01)δ^13^C\----22.4 ± 1.18--21.0 ± 0.925.36 (0.02)Given are arithmetic means ± SD.).

DISCUSSION {#s3}
==========

Correlations of metal concentrations and stable isotope ratio
-------------------------------------------------------------

The δ^15^N level indicates the trophic positions of individual species; thus, northern fulmar is at a trophic level higher than the other species. Northern fulmar eats various fish and squid species ([Table 3](#tbl_003){ref-type="table"}), whereas horned puffin mainly eats small fish \[[@r12]\]. Trophic levels would have reflected these feeding habitats.

The significant differences of Hg concentration between northern fulmar and other species suggest that Hg uptake is linked to the trophic status of the prey consumed. It is generally accepted that Hg is a ubiquitous environmental contaminant that is transferred typically through aquatic and terrestrial food webs \[[@r3], [@r4]\]. Northern fulmar had high δ^15^N, indicating their position as a top predator of the food chain and their higher risk of toxicity due to Hg and other persistent pollutants compared with other birds. Furthermore, they have a long life span and accumulate Hg over long periods \[[@r36]\].

Cd and Zn showed a strong positive correlation, which was consistent with previous reports \[[@r13], [@r38]\]. These heavy metals are expected to interact with a detoxification system, such as metallothionein (MT), a low molecular weight cysteine-rich protein involved in the homeostasis of essential metals, such as Zn. The synthesis of MT can be induced by several heavy metals, such as Cd, Zn, Cu and inorganic Hg. Zn is essential for the synthesis of MT. When Cd is taken up, Zn in MT is replaced with Cd to achieve detoxification. It was reported that Cd and MT concentrations are positively correlated in many seabirds \[[@r11], [@r42]\]. High accumulation of Cd induces the synthesis of MT and increased Zn uptake for synthesis. MT can be synthesized or degraded rapidly in response to changes in metal levels (seasonal or through molting) and likely accounts for the range of Cd--Zn relationship \[[@r42]\]. Cd exposure increased Zn concentration in the kidney and livers of rats and increased the concentration of MT mRNA \[[@r52]\].

There was also a positive correlation between As--Zn and Cd--As. Squids accumulating high levels of Cd \[[@r42], [@r43]\] are known to also accumulate high levels of As \[[@r47]\]. Furthermore, Cd and Zn concentrations in the current study had high correlations. The correlation between As--Zn and Cd--As perhaps reflected these situations.

Body weight-Cd correlation was also high. There are several possibilities that chicks mainly eat small fish and later change their diet to squids or other organisms containing high Cd level, or they accumulate continuously this metal.

The weak correlation between δ^13^C and Zn suggested that the source of Zn was the food. However, δ^13^C did not explain the concentrations of any other metal examined ([Table S2](#pdf_001){ref-type="supplementary-material"}).

Gender and age differences in metal and arsenic concentrations and stable isotope ratio in short-tailed shearwater
------------------------------------------------------------------------------------------------------------------

Gender differences might be expected, if males and females eat 1) different foods, 2) different-sized foods or 3) different proportions of different foods \[[@r5]\]. Females can also reduce Hg transferred into the egg \[[@r37]\].

In short-tailed shearwater, females had significantly higher concentrations of Cd and Pb. It is reported that female black skimmers (*Rynchops niger*) accumulated higher levels of Cd and Pb than males in their breast feathers, and it might be due to a difference in species composition of the diet \[[@r7]\]. The current study showed that the range of δ^13^C in males was larger than that in females, although there is no significantly difference. There is a possibility that the foods are different between males and females, and it causes the differences of metal accumulation. Hg concentration was higher in males than that in females ([Table 2](#tbl_002){ref-type="table"}). They breed in south-eastern Australia and lay one egg around the end of November \[[@r40]\]. Short-tailed shearwaters in our study were dead in summer, and almost one year has passed from the breeding. They would accumulate Hg continuously, and females would excrete some of them when they lay the egg.

Juveniles had higher levels of δ^13^C and δ^15^N than adults, indicating that the foods are different between adults and juveniles. Therefore, metal concentrations in them would reflect the differences of their food and continued accumulation with age.

Sources of Cd accumulation
--------------------------

Tufted puffin and northern fulmar accumulated high Cd levels. Mallard ducks with Cd concentration in the kidney \>300 mg/kg dry weight show renal tubular necrosis \[[@r49]\], although the benchmark values in seabirds are unclear \[[@r6], [@r42]\]. Seabirds have been shown to contain high concentrations of Cd \[[@r17]\], and some seabird colonies featured the occurrence of kidney diseases caused by Cd \[[@r26]\]. If they appear to be healthy, perhaps they would have some influence because of their high accumulation.

Squids accumulate high levels of Cd \[[@r42], [@r43]\], and in the North Pacific, northern fulmar and tufted puffin often feed on squid, and the horned puffin sometimes eats squid, while thick-billed murre and short-tailed shearwater feed mainly on krill and fish ([Table 2](#tbl_002){ref-type="table"}). Many seabirds change their feed depending on the place ([Table 3](#tbl_003){ref-type="table"}) and season \[[@r31], [@r32]\]. In the case of oceanic habitats, squid makes up a very large population of the adult tufted puffin diet \[[@r35]\]. The high Cd concentration found in some species may be related to their squid intake.

Toxicological effect and historical trend of Hg
-----------------------------------------------

Hepatic concentration of Hg was higher than those in the kidneys of northern fulmar ([Table 1](#tbl_001){ref-type="table"}), short-tailed shearwater and thick-billed murre, whereas renal levels were higher than those in the liver of tufted puffin and horned puffin. It is reported that some species that accumulated high levels of Hg had higher concentrations in the liver, whereas other species that accumulated low levels of Hg had almost the same levels in the liver and kidney \[[@r13]\], as was the case in the present study. It has been reported that the mean ratios of MeHg in total were 35, 36 and 66% in the liver, kidney and muscle, respectively in seabirds \[[@r20]\]. These authors also found a decrease in the mean proportion of MeHg with an increase in mean total Hg concentration in these tissues. These observations indicated that some seabirds are capable of demethylating MeHg in tissue and storing it in an inert inorganic form in the liver. Differences in accumulation ratio among tissues therefore depend on total Hg level and species-specific demethylation capacity. Higher levels of Hg in liver than the kidney indicate that MeHg is demethylated for the inorganic form in the liver \[[@r20]\]. Intestinal absorption of inorganic Hg is limited to a few percent, whereas MeHg can be absorbed nearly completely \[[@r50]\]. Absorption in the first pharmacokinetic process was also different among species. Differences in inorganic Hg absorption among bird species have been reported \[[@r39]\]; it follows that the capacities of MeHg absorption also vary.

The present study showed that Hg concentrations in the liver and kidneys of seabirds collected in the central Bering Sea were almost double compared with those measured in each species of seabirds collected in 1990 \[[@r13]\] ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Comparison of Hg levels in the livers of seabirds in the Bering Sea during the periods (1) 1982−1985 (Honda *et al*. 1990) and (2) 2008−2010 (this study) (mean, mg/kg wet weight).). Other heavy metals (Cd, Cu and Zn) were not increased, suggesting that Hg concentration changed definitely and there is the possibility that Hg may cause poisoning in various animals in the future. However, Hg concentrations of northern fulmar and tufted puffins in Aleutian Island in 2000−2001 were 5.44−32.7 and 2.1−4.4 (mg/kg dry weight of liver), respectively \[[@r36]\]. The concentration in northern fulmar was lower than that in this study (6.82−40.3 mg/kg dry weight), whereas that of tufted puffin was higher than in this study (1.02−1.99 mg/kg dry weight). There is a possibility that Hg concentration is not increasing depending on species. However, in the case of seabirds in which it is easy for Hg to accumulate, such as northern fulmar, Hg concentration may have some influence.

In conclusion, heavy metal and metalloid concentrations in the liver and kidneys of seabird species collected in the central Bering Sea showed that 1) seabird species of high trophic level, such as northern fulmar, accumulated more Hg, 2) those feeding largely on squid, such as tufted puffin and northern fulmar, readily accumulated Cd, 3) accumulation pattern of several metals is different depending on gender and age, and 4) Hg concentration in the central Bering Sea would have increased over these two decades. High accumulation of heavy metals would adversely affect seabirds, and the risk is increasing.
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